We have conducted a palaeomagnetic study on three sediment cores obtained from a single site in Lake Biwa, central Japan. A total of 1430 discrete samples from three cores show strong and stable remanence, which is carried by pseudo-single-domain magnetite. Palaeomagnetic records from individual cores show little scatter of directions, and there is excellent correlation among the records from the site. A composite palaeomagnetic secular variation (PSV) record for the Holocene was constructed after fine-scale adjustment and stacking of the three records. The age model is based on two wide-spread tephra layers: Kawagodaira (3150 yr BP, calendar years) and KikaiAkahoya (7250 yr BP). Our results show that the declinations and inclinations are strikingly similar to archaeomagnetic data from southwest Japan for the last 2000 years. The PSV record from Lake Biwa shows good correlation in directions with that of Beppu Bay, located about 500 km west of Lake Biwa, although the Beppu Bay record shows relatively smaller amplitudes of both inclination and declination, probably due to heavy smoothing of the initial results. When the Lake Biwa record is compared with the proposed type curve for southwest Japan, there is considerable disagreement throughout the Holocene. A re-analysis of the data sets and other information used to construct the type curve revealed that the discrepancy in the results was due to inadequate age determination for the cores used in previous studies. We conclude that the stacked PSV record from Lake Biwa meets the criteria required for a reliable curve. Moreover, our results resolve the complications found in the correlation of PSV records in southwest Japan and thereby contribute to a better understanding of Holocene PSV.
inherent complications in sediment magnetization (e.g. King 1 INTRODUC TION & Channell 1991) . However, with the increased understanding Since the first convincing demonstration of a continuous PSV of the recording system of sediment and the improvement record (Mackereth 1971) , lake sediments have been one of the in palaeomagnetic procedures, so-called second-generation major information sources on the nature of Holocene geopalaeomagnetic studies ( Verosub et al. 1986 ) are able to magnetic secular variation. Although secular variation can be provide records of high quality and good reproducibility a tool for precise correlation, only about 20 per cent of all lake ( Verosub 1988 ). studies yield well-defined inclination and declination features
In this paper we present a Holocene PSV record based that can be used for correlation (Thompson & Oldfield 1986) .
on multiple piston cores obtained from a single site in Lake The reasons for this discouraging outcome are related to early Biwa, Japan. Special attention was paid to sampling and sampling methods, inadequate laboratory procedures, and palaeomagnetic procedures in order to minimize artefacts of the measurement process. In addition, the results were examined for internal evidence of reliability: stable remanence, low degree *Now at: Geoscience Laboratory, Geological Survey of Pakistan, of scatter in directional profiles and reproducibility within the National Park Road, Shahzad Town, Islamabad, Pakistan. E-mail:
site. After establishing the internal reliability, the stacked record ali@gsl.sdnpk.undp.org from Lake Biwa was compared with other PSV records in south-we demonstrate by internal and external criteria (Thompson tephras are important marker horizons for correlation with the other basins. 1984; Verosub et al. 1986; Peck et al. 1996) that the directional variation recorded in the sediments of Lake Biwa reflects the variation in the geomagnetic field.
CORING AND SAMPLING PROCEDURES
Piston coring was done in the summer of 1995, at three sites in 2 LAKE BIWA the northern basin of Lake Biwa (Fig. 1 ). The core barrel was constructed by joining four or five aluminum pipes, each 5 m Lake Biwa is located in the central part of Honshu Island (Fig. 1) . It is the largest lake in Japan, covering an area of in length. The barrel had an inner diameter of 8 cm and a wall thickness of 1 cm. The details of the coring operation and initial 674 km2 with a maximum water depth of 104 m. The lake has two basins, the northern one being larger and deeper than the core descriptions are reported elsewhere (Takemura et al. 1997) .
Core barrels with the recovered sediments were disassembled southern one. The northern basin has two depressions more than 70 m deep and an average depth of 48 m, making much into 5 m sections and cut into half-lengths at the site. In the laboratory, the cores were split into vertical halves by cutting of the basin deep enough that bottom sediments are not easily disturbed by wave turbulence (Meyers et al. 1993) . Since it the aluminum barrel wall with a machine cutter, and then by using a thread to cut the sediment itself. In this way predates the last glacial period and has had a consistent sediment supply, Lake Biwa could be expected to provide ideal we managed to avoid deforming the sediment, which was a possibility with an older method that involved pushing the conditions for the recording of past geomagnetic signals.
The major sources of detritus into the lake are the surroundsediment out of the barrel. At BIW95 Site-3 ( Fig. 1) , three cores, BIW95-1 (10.8 m), BIW95-6 (11.6 m) and BIW95-7 ing mountains, Hira, Shigaraki, Suzuku and Ibuki, which are composed mainly of Permian to Middle Mesozoic sedimentary (11.5 m), were recovered. A total of 1430 discrete samples were obtained through continuous sub-sampling at 2.25 cm interrocks and Late Cretaceous to Palaeogene granite. Some felsic igneous rocks of Late Cretaceous to Palaeogene age (Koto vals, by pressing 7 cm3 plastic cubes into the split half-cores.
Simple tools, such as a guiding ruler and a press-down anvil, Rhyolites) are distributed along the Suzuka Mountain and as small islands in the lake (Yokoyama 1984) , contributing to its were used to maintain the alignment of the cube samples. If a sample was found to be visibly distorted, it was marked and sedimentation. The other source is wind-transported material, such as widespread tephras and eolian dust. The widespread later excluded from the palaeomagnetic measurement. We also Figure 1 . (a) Locations of Holocene PSV records in Japan. Lake Kizaki (Horie et al. 1980) ; Beppu Bay (Ohno et al. 1991) ; Lake Yogo (Hyodo et al. 1993) ; Lake Biwa (present study). ( b) Locations of the piston coring sites (1995) are marked on a topo-map of Lake Biwa. Cores investigated in this study are from BIW95 Site-3.
took U-channel samples from the other half of the split cores. 1994), and a maximum spatial resolution of about 1 cm was attained. The deconvolved susceptibility results are in good The U-channel samples were 2 cm×2 cm in cross-section and as long as 1.5 m (e.g. Weeks et al. 1993) . Palaeomagnetic results agreement with those measured on discrete samples (Takemura et al. 1998) . The deconvolved results provide more continuous from these samples will be presented in a future paper. and finer-scale correlation than the discrete sample results. Fig. 2 shows several prominent peaks, four of which correspond 4 CORE DESCRIPTION AND to the volcanic ashes. In BIW95-1 and BIW95-6, the two peaks CORRELATION around 4.2 and 8.5 m represent the visible Kg and K-Ah ashes, respectively. In BIWA95-7 the Kg ash is present at 4.7 m, and The cores BIW95-1, BIW95-6 and BIW95-7 from the BIW95 Site-3 consist of bluish grey to grey silty clay with two thin the K-Ah peak is not prominent because we were not able to collect this ash with U-channel sampling. These susceptibility visible volcanic ash layers which were identified as the Kawagodaira (hereafter Ka: 3000 yr bp, radiocarbon age) and peaks and other maxima and minima were used for coreto-core correlation. Besides the susceptibility, we used peaks the Kikai-Akahoya ( hereafter K-Ah: 6300 yr bp) of Machida & Arai (1983) . These two layers serve as important markers in the declination and inclination records which provided an extra and independent correlation. The correlated points were for correlation within the lake as well as to the other basins in southwest Japan. Other volcanic ashes were recognized by then transformed to the depth of BIW95-1 to develop a composite depth scale. An expansion of about 13 cm was high values of low-field susceptibility. The presence of these very thin ash layers provides a means of precise correlation detected in the top part (1.3 to 4 m) of BIW95-6 relative to the other two cores and was linearly compensated in the for the homogeneous sediments.
The low-field susceptibility of the U-channel samples ( Fig. 2 ) composite depth. Such an expansion of the core, especially in the top part of a piston core, is possibly due to stress exerted was measured at 5 mm intervals by a Bartington Instruments susceptibility meter with an MS2 loop sensor (45 mm diameter) by the pull of the core catcher on the soft sediment. attached to an automated sample stage. Because the initial results from the pass-through measurements are the con-5 PALAEOMAGNETIC PROCEDURES volution of the true susceptibility variation with the response function of the sensor coil, we deconvolved the data to obtain Natural remanent magnetization (NRM) of the discrete samples was measured with a cryogenic magnetometer (ScT C-112). the fine-scale variations. The susceptibility results were deconvolved with an ABIC minimizing method (Oda & Shibuya First, every 50th sample was measured after progressive alternating field (AF) demagnetization at 5 mT steps up to 60 mT. Then every 15th sample was measured after stepwise AF demagnetization at 0, 15, 25 and 35 mT. Representative results of the directional and intensity changes are shown in Fig. 3 . AF demagnetization at 15 mT was found to be sufficient to remove a soft remanence which may be of viscous origin. After AF demagnetization at 15 mT, all pilot samples exhibited a stable, and well-defined single component of magnetization.
For the majority of samples the original intensity was within the range of 6×10−1 to 1×10−2 A m−1. The median destructive field (MDF) of the pilot samples ranged between 19 and 37 mT. Low-coercivity minerals, such as magnetite, are assumed to be the remanence carriers, because the pilot samples lost more than 90 per cent of their initial remanence between 50 and 60 mT. A detailed rock magnetic study by Kuniko (1997) has confirmed that pseudo-single-domain (PSD) magnetite is the dominant magnetic mineral throughout the cores from BIW95 Site-3. On the basis of the behaviour of the pilot samples during progressive AF demagnetization (Fig. 4a) , We can roughly divide the samples into two groups. Samples from the upper 5 m show stronger resistance to AF demagnetization than the samples from the lower 6 m of the cores. This characteristic can be attributed to the presence of relatively larger magnetite grains in the lower parts of the cores. The hysteresis data of Kuniko (1997) also show the presence of smaller PSD grains in the upper 5 m, while the lower part contains larger PSD grains (Fig. 4b) . We conclude that the sediment cores from BIW95 Site-3 possess a strong and stable characteristic remanent magnetization carried by PSD magnetite. All remaining samples were then demagnetized in AF at 15 mT.
RESULTS AND DATA ANALYSIS

Correction of deformation
The declination record from core BIW95-6 shows a different trend from that of BIW95-1 and BIW95-7 (Fig. 5 ) deeper than 6 m below the lake bottom (mblb). We believe that BIW95-6 has suffered internal rotation below 6 mblb and that the trends pilot study. The demagnetizing field levels are 0, 5, 10, 15, 20, 25, 30, found in BIW95-1 and BIW95-7 are a true representation of 35, 40, 45, 50, 55 and 60 mT. Vector end-points are shown in an orthogonal projection (Zijderveld 1967). the PSV. The internal rotation in BIW95-6 could have resulted sediment. The correction is very small in terms of change per metre and does not significantly affect the declination record. We believe this procedure is acceptable because the results after correction show an improvement in the correlation. The corrected results of relative declination (the cores are not azimuthally oriented), inclination, and intensity for BIW95-1, BIW95-6 and BIW95-7 are shown in Fig. 6 . The thin ash layers in the cores were perpendicular to the core barrel line, indicating that the barrel penetrated vertically during the coring procedure. This provides evidence that the inclinations observed relative to the axis of the core barrel represent the true inclination of the lake sediments.
Smoothing
Before stacking the data sets, it is useful to attenuate the amplitudes of high-frequency changes in the directional record. This can be achieved by smoothing or filtering the original data. The assumption justifying the use of smoothing is that the high-frequency changes in the data sets are either random error (noise) originating during the coring, sampling, palaeomagnetic measurement and remanence acquisition, or that the used that does not affect the broader characteristics of the PSV record. Verosub et al. (1986) used a weighted filter function technique described by Holloway (1958) , in which the weights from the spinning of the core barrel as it penetrated into the sediment. To bring it close to the general trend of BIW95-1 are analogues to a Gaussian filter function. Verosub et al. (1986) chose this method as a compromise between simple vector and BIW95-7, the record from BIW95-6 was de-trended by applying a linear correction of 4.4°m−1 below the 6 mblb mean smoothing and the technique of Clark & Thompson (1978) based on a spline function. We justify the use of a depth level. We emphasize that the twisting effect was identified only because we had declination results from multiple cores; weighted filter function technique as follows. For any PSV record (… , X n−2 , X n−1 , X n , X n+1 , X n+2 , …), it is likely that otherwise, there was no visible evidence of deformation of the Figure 6 . NRM direction and intensity plots for cores BIW95-1, BIW95-6, and BIW95-7 versus composite depth scale. The declination of BIW95-6 is after the twist correction (see text). Depths are given in metres below lake bottom. the observed data point X n at any time (T n ) tends to be more limitations of the linear twist correction. From the above results, it can be seen that all the three cores show high similar to the adjacent data points X n−1 and X n+1 , at T n−1 and T n+1 respectively, than to more distant data points X n−2 reproducibility within one site. and X n+2
, and so on. For the smoothing, therefore, it is most appropriate to give the maximum weight to the data point X n 6.4 Age estimation and stacked PSV record itself, and decreasing weights to points further away. Because the distribution of weighting factors should have a normal An age model was assigned based on the position of two widespread tephras, Ka (3000 yr bp) and K-Ah (6300 yr bp), distribution, the weights for smoothing can be obtained by spreading the Gaussian distribution normal curve to the and the approximate position of the top of the core. An additional datum is that the tephra Ulreung-Oki (hereafter desired length of time. The weighted factors used for smoothing our data sets are 0.028, 0.135, 0.411, 0.801, 1.00, 0.801, 0.411, U-Oki: 9300 yr bp), which was observed at BIW95 Site-2, is absent in the present cores at BIW95 Site-3. This means that 0.135, and 0.028, for a nine-point smoothing interval.
the bases of our cores are younger than that of U-Oki. The known radiocarbon ages of tephras were converted to calendar 6.3 Correlation years by using the results of the varve chronology of Schove (1983) ; that is, 3150 yr BP for Ka and 7250 yr BP for K-Ah. Thompson (1984) and Verosub et al. (1986) emphasized that the validity of a PSV record should be demonstrated by its Uniform sedimentation rates of 1.1 and 1.40 mm yr−1 were calculated for the intervals below and above Ka respectively. reproducibility at a site before it can be correlated to other records. Peck et al. (1996) used this reproducibility of record This is clearly the simplest age model, but its validity is justified when the record is compared with archaeomagnetic data, as as the most important reliability criterion. An estimate of the degree of correlation of the northward and downward orthodiscussed in a later section. The smoothed records were then stacked by calculating the gonal components can be used to define the reproducibility of the directional records from the two cores. The degree of vector mean at each horizon to produce a composite record BIWA SV-3 (Fig. 7) . The mean direction was calculated based correlation can be calculated in terms of Pearson's productmoment correlation coefficient (r ab ), usually known simply as on three data points, except for non-overlapping sections. The 95 per cent confidence limits (a 95 ) based on Fisherian statistics the correlation coefficient: (Fisher 1953 ) were calculated using a 25 yr moving window (nine data points at maximum) centred at each horizon of the stacked record. In the case of a single core datum, the error Fig. 7 is equal to the maximum confidence limit observed throughout the record. a and b are the data series to be correlated; a : and b : denote the means of a and b; S a and S b are the standard deviations of a and b; n is the number of data points; and COV ab is the 7 DISCUSSION covariance in a and b. The correlation coefficient (r ab ) is unity for perfect correlation and zero for no correlation at all. Ideal 7.1 General correlation in sediments is not expected, because of the limiting
The composite record BIWA SV-3 shows well-defined peaks aspects of the geological record (Peck et al. 1996) . The of declination, 'A' to 'L', and inclination, 'a' to 't', with peakqualifying terms described by Peck et al. (1996) are: r≥0.7, to-peak amplitudes of 43°and 18°, respectively (Fig. 7) . The highly correlated; 0.5≤r<0.7, moderately correlated; and average a 95 is 4.6°for the overlapping sections of the cores. r<0.5, low correlation. The calculated correlation coefficient
The period of 3900 yr BP to the present is marked by largevalues for each pair are listed in Table 1 . There is a high degree amplitude swings in declination with a duration of about 600 of correlation between the inclination records, especially to 1000 years, such as the westerly swings (B and D) and between BIW95-1 and BIW95-6. This clearly indicates that easterly swings (A, C and E). The inclination record also has the twisting of the barrel did not affect the inclination record.
well-defined maxima (a, c, e, g and i) and minima ( b, d, f, h The declination records show a moderate to high degree of and j) with a shorter duration of about 200 to 400 years. The correlation. The slightly lower degree of correlation for large-amplitude and relatively long-term features of declination BIW95-6 with respect to the other two cores reflects the are also observed in other PSV records, for example from Britain (Turner & Thompson 1981) and from North America (Lund & Banerjee 1985) . The period from 6800 to 3900 yr BP features a single swing sections of the cores. The calculations were performed in orthogonal components; i.e., northward components for declination and downward in declination with small fluctuations. The declination slowly components for inclination. drifts eastwards from 'H' to 'E'. This period is also relatively calm for the inclination, showing small-amplitude and broad
Core names Correlation coefficient* waveform with sub-features of small amplitude and highfrequency variation (Fig. 7) . These high-frequency variations Declination Inclination are visually correlatable in all three individual cores (Fig. 6 ), suggesting they represent true PSV at this site. This quiet BIW95-1 and BIW95-6 0.69 0.86 period from 6800 to 3900 yr BP is in good agreement with the BIW95-1 and BIW95-7 0.74 0.71 findings of Ohno & Hamano (1992) , who showed that move-BIW95-6 and BIW95-7 0.62 0.70 ment of the geomagnetic pole was very slight from 7000 to 3700 yr BP.
Comparison with archaeomagnetic data
BIWA SV-3 and the archaeomagnetic record from southwest Japan (Shibuya 1980) show a striking similarity in the inclination for the last 2000 years (from 'b' to 'g'). The declination also shows good correlation ('B' and 'C') except for the interval from 450 to 150 yr BP. The uppermost part of the cores are very soft and can easily be deformed, creating considerable distortion in the declination record. The features in BIW SV-3 appear to be 70 to 120 years older than in the archaeomagnetic record. This may imply an error in the age estimation, or a time lag between the sedimentation and locking of remanent magnetization. The striking similarity of both records suggests that the Lake Biwa sediments have faithfully recorded the variation of the geomagnetic field for the last 2000 years.
Comparison with the Beppu Bay record
The PSV record from Beppu Bay (Ohno et al. 1991) was compiled by stacking the data from eight piston cores. The age control is based on the K-Ah tephra and eight radiocarbon dates. The composite result shows a much smaller amplitude of about 16°in declination as compared with the amplitude of 35°to 41°from original data of the individual cores (see Fig. 2 of Ohno et al. 1991) . The inclination result also shows half of the original amplitudes. We interpret this to be the result of a heavy smoothing procedure for the Beppu Bay record. In the end, Ohno et al. (1991) deconvolved the result to compensate for the amplitude problem. Fig. 8 shows the non-deconvolved results from Beppu Bay. The results preserve the major features, so it is possible to compare the record with BIWA SV-3. There are several features of inclination and declination that can be correlated, and these are labelled in Fig. 8 . The peak-to-peak correlations show offsets of 100 time-lag relationships of DRM acquisition in the two records. (Tucker 1983) . The key marker is the K-Ah tephra (~7200 yr BP), which is present in both records and where several features, 'o' to 't' in the inclination and 'H' and 'I' in The period between 9800 and 6800 yr BP is marked by largeamplitude swings with longer duration in both declination and declination, can be correlated. The PSV from 6700 to 3500 yr BP has a relatively quiet period in both records. The inclination. The well-defined inclination features are maxima at 'p' and 't', with a shallow inclination within this period at last 3500 years form a period of relatively high-amplitude variation in both declination and inclination, and a number 's' and 'q'. of features can be correlated despite the fact that the features are so depressed in the stacked results from Beppu Bay.
Comparison with other PSV records from southwest
Although a detailed correlation between Lake Biwa and Beppu Japan Bay is difficult, general features seem to be well correlated, despite the 500 km distance. Several PSV records have been reported for Japan from archaeomagnetic studies (e.g. Shibuya 1980; Hirooka 1983; Maenaka 1990) , and from studies of unconsolidated sediments 7.2.3 Comparison with composite PSV curve SVJ1 from lakes or inland seas (e.g. Horie et al. 1980; , 1986a , 1986b Hyodo et al. 1985; The PSV record SVJ1 proposed by Hyodo et al. (1993) is a composite secular curve constructed from five cores of different 1991). Hyodo et al. (1993) obtained composite seclar variation curves (SVJ1 and SVJ2) for Holocene time by combining the length and time span from different localities. The longest core used was from Lake Yogo, a small lake near the northern results from the unconsolidated sediments, except for those from Ohno et al. (1991) . In Fig. 8 , our result BIWA SV-3 is end of Lake Biwa. The age estimation was based mainly on converted radiocarbon ages from different cores which were shown together with the archaeomagnetic record (Shibuya 1980), the record from Beppu Bay (Ohno et al. 1991) , and transformed to the Lake Yogo data (Hyodo et al. 1993) . The comparison between SVJ1 and the BIWA SV-3 is problematic SVJ1 (Hyodo et al. 1993) . (Ohno et al. 1991) , and SVJ1 (Hyodo et al. 1993 ).
Figure 9.
Comparison of the Lake Biwa record (BIWA SV-3) with the records from Lake Kizaki, KZ3 (Horie et al. 1980) and from Lake Yogo, YG1 (Hyodo et al. 1993) used in the construction of composite SVJ1. Grey dots show original data, and black dots filtered results in KZ3 and YG1. throughout the Holocene. The most prominent feature of SVJ1 declination and meets the criteria for a reliable curve proposed by Thompson (1984) , Verosub et al. (1986) , and Peck et al. is the large swing (about 70°in amplitude) in declination (1996) . during the period 6100-3500 yr BP, which is absent in the (4) Our new PSV curve solves the problem found in corre-BIWA SV-3 record (Fig. 8) . The inclination records also show lation of the PSV records in southwestern Japan and thereby a general disagreement for this period. The deflection in contributes to a better understanding of Holocene PSV records declination of SVJ1 is so large that it should not have been in the region. missed in the three cores from Lake Biwa, which are known to have faithfully recorded the PSV for the last 2000 years. Also, there is no evidence of the large deflection in the Beppu ACKNOWLEDGMENTS Bay results.
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Science and Culture of Japan (No. 259, 1995 (No. 259, -1997 and a grant The correlated points are designated by common letters and for Environmental Science from the Sumitomo Foundation show that the upper 5.5 m (mark 'E') of KZ3 represents (1995 KZ3 represents ( -1997 . 4000 yr BP at most.
Comparison of YG1 and BIWA SV-3 is more complicated. The upper 4.8 m of the YG1 record can be correlated with the
